Integration of experimental studies with mathematical modeling allows insight into systems properties, prediction of perturbation effects and generation of hypotheses for further research. We present a comprehensive mathematical description of the cellular response of yeast to hyperosmotic shock. The model integrates a biochemical reaction network comprising receptor stimulation, mitogen-activated protein kinase cascade dynamics, activation of gene expression and adaptation of cellular metabolism with a thermodynamic description of volume regulation and osmotic pressure. Simulations agree well with experimental results obtained under different stress conditions or with specific mutants. The model is predictive since it suggests previously unrecognized features of the system with respect to osmolyte accumulation and feedback control, as confirmed with experiments. The mathematical description presented is a valuable tool for future studies on osmoregulation in yeast and-with appropriate modifications-other organisms. It also serves as a starting point for a comprehensive description of cellular signaling.
Integration of experimental studies with mathematical modeling allows insight into systems properties, prediction of perturbation effects and generation of hypotheses for further research. We present a comprehensive mathematical description of the cellular response of yeast to hyperosmotic shock. The model integrates a biochemical reaction network comprising receptor stimulation, mitogen-activated protein kinase cascade dynamics, activation of gene expression and adaptation of cellular metabolism with a thermodynamic description of volume regulation and osmotic pressure. Simulations agree well with experimental results obtained under different stress conditions or with specific mutants. The model is predictive since it suggests previously unrecognized features of the system with respect to osmolyte accumulation and feedback control, as confirmed with experiments. The mathematical description presented is a valuable tool for future studies on osmoregulation in yeast and-with appropriate modifications-other organisms. It also serves as a starting point for a comprehensive description of cellular signaling.
Osmoregulation encompasses active processes with which cells monitor and adjust osmotic pressure and control shape, turgor and relative water content. Even individual cells in multicellular organisms respond to osmotic changes, and strategies of cellular adaptation are conserved from bacteria to human 1 . The yeast Saccharomyces cerevisiae is a suitable model system to study osmoregulation and a substantial amount of information is available on osmotic shockinduced signal transduction, control of gene expression and accumulation of osmolytes 2 .
Osmoregulation is a homeostatic process, though commonly studied as a response to osmotic shock. Central to yeast osmotic adaptation is the high osmolarity glycerol (HOG) signaling system 2, 3 (Fig. 1) . S. cerevisiae monitors osmotic changes through the plasma membrane-localized sensor histidine kinase Sln1. Under ambient conditions, Sln1 is active and inhibits signaling. Upon loss of turgor pressure, Sln1 is inactivated 4 resulting in activation of a mitogen-activated protein (MAP) kinase cascade and phosphorylation of the MAP kinase Hog1. Active Hog1 accumulates in the nucleus where it affects gene expression. Two HOG target genes encode enzymes in glycerol production. Hence, activation of Hog1 stimulates the production of glycerol, which serves as an osmolyte to increase intracellular osmotic pressure. Glycerol accumulation is also controlled by rapid closing of the aquaglyceroporin Fps1, which is an osmolarity-regulated glycerol channel. Hog1 activation and Hog1-dependent transcriptional stimulation are transient processes, indicating rigorous feedback control. Several protein phosphatases are known as negative regulators of the pathway. Although the overall organization of the systems is well characterized, open questions concern the mechanisms underlying activation and deactivation of the system, feedback control and the causal relationship between different events in osmotic adaptation.
To investigate the dynamics and logic of the response of yeast cells to osmotic shock, we developed a mathematical model. Previously, quantitative computational simulation proved to support understanding of regulatory systems [5] [6] [7] [8] [9] [10] , characterizing threshold properties and bistability 11, 12 , characteristic times 13, 14 and feedback effects 12, [15] [16] [17] [18] [19] . The model presented here comprises receptor stimulation, the HOG signaling pathway, activation of gene expression, adaptation of cellular metabolism, glycerol accumulation and a thermodynamic description of the control of volume and osmotic pressure. This integration of the biochemical reaction network with the biophysical description of cellular volume control is crucial for understanding the activation and downregulation of the signaling pathway. Using a combination of experimental studies and simulations, we describe mechanisms underlying feedback control of the HOG pathway in osmotic adaptation. We provide evidence that turgor recovery due to glycerol accumulation mediates pathway downregulation and that this mechanism ensures the important combination of effective feedback control with competence for restimulation by subsequent osmotic treatments.
Certain events in osmotic adaptation, such as the relative levels of activated Hog1, target gene mRNA as well as enzyme and glycerol levels have been quantified experimentally in time courses. For many steps in the signaling cascade, such data cannot currently be generated. The model assists in predicting the behavior of those steps, allows identification of system features, permits simulation of different experimental conditions and thereby directs hypotheses framing for further experimental research.
RESULTS
Existing quantitative and time course data for many of the biomolecules involved in the osmotic shock response are too sparse to allow mathematically satisfactory parameter determination. To overcome this limitation and to structure available information, we divided the system into functional modules as a critical level of biological organization (Fig. 1) 20 : (i) the phosphorelay module including the sensor Sln1, (ii) the MAP kinase cascade, (iii) the gene expression module, (iv) the metabolism module including glycerol efflux and (v) biophysical changes. The Sho1-Ste11 branch of the HOG pathway, which operates in parallel with the Sln1 branch to activate Pbs2, was not considered because the Sln1 branch in isolation exhibits a similar response profile as the entire system under the conditions considered 21 . The model for the entire reaction network consists of 32 ordinary differential equations (ODE) and 70 parameters plus three additional ODE and two algebraic equations for changes in volume, osmotic pressure and turgor pressure P t and for water flow over the cell membrane (Supplementary  Tables 1-5 online) .
To develop and test the model in a systematic fashion, we first analyzed the behavior of individual modules in steady state. Subsequently, a standard time course experiment was performed and the data were used to estimate parameters such that simulations matched the behavior observed in experiments ( Supplementary Fig. 1 online) . Finally, to test the model and to gain understanding of regulatory principles of the osmotic stress response, we analyzed effects of physiological and genetic perturbations both by simulation and experiments.
Steady states of individual modules
Phosphorelay module. Its switch-like, input-output characteristics are crucial for the entire response. They can be assessed from the dependence of the steady-state concentration of Ssk1 on the kinetic parameter of Sln1 autophosphorylation, k TCS 1 , which represents the degree of turgor pressure loss (Fig. 2a and equation (1) ). The yeast phosphorelay module consists of three proteins (Sln1, Ypd1 and Ssk1) as compared to two proteins in bacterial systems. We compared steady-state characteristics for phosphorelay systems consisting of one, two or three proteins (Fig. 2a) . A lower number of components led to smoother dependence of the output signal on k TCS 1 , whereas the switch-like behavior became more pronounced for higher numbers of components.
MAP kinase module. The steady-state concentration of phosphorylated Hog1 (Hog1P 2 ) is a function of the input signal (Ssk1) and the ratio k + /k À , where k + and k À are the rate constants of all kinases and phosphatases, respectively. This ratio determines the level of Hog1P 2 in the presence or absence of stress. Upon stress, low k + /k À ratios cause high absolute Hog1P 2 values with low signal amplification, whereas high ratios result in low Hog1P 2 with the potential for strong amplification ( Supplementary Fig. 2 Figure 1 Overview of the response of yeast to hyperosmotic stress. The membrane-localized histidine kinase Sln1 senses osmotic stress. Upon increase in external osmotic pressure Sln1 is inactivated leading to accumulation of dephosphorylated Ssk1, which is an activator of the MAPKKK Ssk2 (and the redundant Ssk22). Ssk2 activates by phosphorylation the MAP kinase Pbs2, which in turn phosphorylates and activates the MAP kinase Hog1. Hog1P 2 enters the nucleus to activate gene expression. Hog1 is inactivated by dephosphorylation mediated by nuclear as well as cytosolic protein phosphatases. Two of the genes whose expression is stimulated by active Hog1 code for the enzymes Gpd1 and Gpp2, which catalyze the conversion of dihydroxyacetonephosphate (DHAP) via glycerol-3-phosphate (G3P) to glycerol. Closure of the osmotically sensitive glycerol channel Fps1 supports glycerol accumulation, which increases internal osmotic pressure. Internal and external osmotic pressures are mainly determined by solute concentrations. Their changes cause altered turgor pressure, which is mediated by the elasticity of plasma membrane and cell wall and by water flow over the membrane. Both Sln1 and Fps1 sense turgor pressure changes. For mathematical modeling, the system was divided into the following modules: the phosphorelay module, the MAP kinase cascade, the transcription and translation module, the module for volume and pressure changes, and the metabolism module. The identifiers vy denote the reaction rates, which were calculated using equations detailed in Supplementary Tables 1-4 .
Metabolism module. The intracellular glycerol concentration Glyc in is determined by the rates of glycerol production and efflux. The steadystate concentration of glycerol at varying enzyme concentrations or varying flux through Fps1 (v 13 ) were compared (Fig. 2b) . A closure of the channel alone led to an increase in Glyc in owing to basal level production, whereas an increase in enzyme concentrations alone had almost no effect on Glyc in , because increased production was balanced by outflow; this is consistent with experimental observations of Fps1 mutants unable to close. The combination of closing the Fps1 channel plus upregulation of glycerol production caused a marked increase in Glyc in at steady states.
Time course experiments
The standard experiment is a single osmotic shock with 0.5 M NaCl where Hog1P 2 , GPD1 (or STL1) mRNA, Gpd1 protein (enzyme activity) as well as intracellular and total glycerol is monitored over time (Fig. 3) . This was simulated starting with a low constant osmotic pressure for the time t o 0 and higher osmotic pressure following addition of 0.5 M NaCl for t Z 0 (Fig. 3a ,c,e,f). Figure 3b ,d shows experimental data.
In the simulation, osmotic shock caused an immediate increase of active Ssk1 (no experimental time course data is available) owing to water outflow and a drop in P t (Fig. 3f) . The subsequent decline of Ssk1 coincided with the commencement of glycerol accumulation and hence the time point when turgor started to increase again (Fig. 3a,f) .
The signal is further transmitted by phosphorylation of Ssk2 and Pbs2. Hog1P 2 increased more slowly than Ssk1. The concentrations of GPD1 mRNA and Gpd1 increased and declined with a certain time delay (Fig. 3a) . Glyc in assumed an intermediary level after about 30 min. At this time total glycerol levels started to rise owing to reopening of the Fps1 channel. Interestingly, the initial increase in Glyc in was mainly due to closure of Fps1 at basal glycerol production (Fig. 3c) . Enhanced glycerol production caused by the increase in Gpd1 level mainly contributed to maintaining high Glyc in .
The simulation of biophysical quantities is shown in Figure 3e ,f. Upon osmotic shock (increase of P e ) P t dropped immediately and adapted during 45 min. When the final value for P t was reached, Fps1 progressively reopened to release glycerol, which prevented further turgor increase. The cell volume dropped markedly upon osmotic shock owing to water outflow, in accordance with experimental data (for Hansenula anomala 22 ). During adaptation the volume increased because of water influx without reaching its initial value, which is in line with experimental observations 23 . P t and volume remained below initial values since (i) P t already passed the threshold for pathway activation (compare Fig. 2a) , and (ii) Fps1 opened gradually to release glycerol thereby controlling further increase of P t .
Deactivation of the HOG pathway is achieved by two different mechanisms. (i) Elevated Glyc in caused an increase of P i and thus water influx, cell swelling and increased turgor pressure. This effect activated Sln1, causing Ssk1 inactivation, which in turn resulted in decline of pathway activation. (ii) Phosphatases of the signaling pathway constantly dephosphorylate Hog1P 2 thereby counteracting pathway stimulation of the pathway. Once pathway activation was turned off, phosphatases caused inactivation of Hog1 and hence pathway downregulation. Although the model contains a moderate upregulation of phosphatase activity in accordance with experimental reports 24 , a very similar pathway downregulation was observed when phosphatase activity was kept constant in simulations (data not shown). We performed a sensitivity analysis to test the influence of the parameter choice on the quality of the fit ( Supplementary Fig. 3 online) and on the timing and strength of response ( Supplementary Fig. 4 online).
Situations not considered in model development Model performance was tested using data from system perturbations available in the literature or from experiments conducted in this study. For this, the numerically estimated parameters for the standard experiment were used.
Different degrees of osmotic shock. Treatments with progressively increasing NaCl concentrations (from 0.1 M to 1.5 M) were predicted in simulations to result in progressively lower initial cell volume, consistent with published data 23 . For moderate pathway stimulation, peak levels of Hog1P 2 and mRNA of HOG-dependent genes were lower compared to the standard experiment. Since only the Sln1 branch is included in the model, these experiments were performed using a Dste11 mutant, which lacks Sho1 branch activity. Experimental data (Supplementary Table 6 online) and simulation showed gradually increasing amplitudes of Hog1P 2 with increasing NaCl concentrations, approaching a maximal level. The maximal amplitude was, however, reached at lower concentrations in the experiment than in simulations. is related to the change of turgor pressure P t (equation (1)). Upon variation of k TCS 1 the value for Ssk1 changes only slightly as long as k TCS 1 is above a certain threshold, while exhibiting a strong increase once k TCS 1 is below this threshold. Then the signaling pathway is 'on,' although its activity could still be modulated by further decrease of k TCS 1 . Hence, the system shows a pronounced switch-like behavior. The Sln1-Ypd1-Ssk1 module consists of three proteins as compared to two proteins in bacterial phosphorelay systems. The input-output behavior for a two-protein system is depicted in curve b and for a single protein system in curve c. A larger number of components results in a sharper switch. (b) Metabolism module: dependence of the glycerol concentration on the kinetic constant of the Fps1 aquaglyceroporin (numbers: value of k 13 in s À1 ) and on the level of Gpd1 (given as relative values compared to the pre-stress steady state; the Gpd1 levels correlate to glycerol production capacity). In the pre-stress steady state, k 13 has the value 5.10 À3 s À1 . Upon stress Fps1 closes and hence k 13 is assumed to decrease. Accumulation of glycerol depends both on the glycerol production capacity and on the ability to close Fps1 and retain glycerol. The marginal increase in the external glycerol level has not been taken into account here.
For stronger osmotic stress, the response amplitude was reached at a later time point and the response period increased ( Supplementary  Fig. 5 online), consistent with published data 25, 26 .
Mutants unable to produce or accumulate glycerol. The Dgpd1 Dgpd2 double mutant is unable to produce glycerol 27 . The mRNA in Figure 4a may be of any Hog1-dependent gene. Activation of the system caused a strongly prolonged increase in Hog1P 2 and mRNA with less pronounced downregulation, in agreement with experimental data (Fig. 4b) . Since Hog1P 2 activates phosphatase transcription approximately twofold, a slight pathway downregulation occurs. In a different scenario an Fps1 unable to close upon hyperosmotic shock was simulated (Fig. 4c) . The increase in Hog1P 2 and mRNA was again prolonged until glycerol accumulation eventually occurred, resulting in increased turgor and pathway deactivation after a long delay. Also this is in agreement with experimental data (Fig. 4d and Supplementary Fig. 6 online) although we consistently observed that the Hog1P 2 level fluctuated. As cells expressing unregulated Fps1 overproduced glycerol, it was the inability to accumulate glycerol, rather than to produce it, which caused prolonged HOG pathway activity.
Glycerol overproduction. To simulate the inverse situation, that is, faster glycerol accumulation, we increased the GPD1 mRNA production rate. This resulted in similar amplitudes of Hog1P 2 and HOGdependent mRNA but the period of activation was shorter, consistent with experimental data 28 ( Supplementary Fig. 7 online) .
Enhanced phosphatase activity. Simulating the osmotic shock profile with a fourfold higher protein phosphatase level resulted in a similar period of HOG pathway activity but diminished amplitudes of Hog1P 2 and mRNA. Experimentally this was tested by overexpressing PTP2 from the GAL1 promoter 29 . The experimentally observed profile was similar to that obtained in simulations ( Supplementary Fig. 8 online) . To further test the effect of phosphatase overproduction, we combined fourfold increased phosphatase levels with unregulated Fps1. Although enhanced phosphatase activity reduced the amplitude of HOG pathway activity, it could not prevent the prolonged stimulation of Hog1P 2 and mRNA. Taken together, enhanced expression of Ptp2 altered the amplitude, but not the period of HOG pathway activity after osmotic shock. This conclusion is different from that reached in a recent report suggesting that phosphatases are more important for signal duration than kinases 30 .
Pathway reactivation. A critical test of the model was simulation of two subsequent osmotic shocks addressing the questions whether a second shock can reactivate the pathway. This was simulated by treating cells twice at different time intervals (15, 30 and 60 min) with 0.5 M NaCl (Fig. 5 and Supplementary Fig. 9 online) . For a 15-min interval the system behaved as it does after a single stimulation with 1 M NaCl. However, for a longer interval between the two treatments, two separate peaks of similar profile were observed. Also in experiments, the HOG pathway could readily be reactivated by a second osmotic treatment and hence does not become desensitized under continuous osmostress. The feedback control mechanisms operate such that they downregulate the system while allowing for full responsiveness. When we performed simulations where HOG pathway activation mediated more than twofold stimulation of the (f) Simulated turgor pressure P t (gray dashed line), internal osmotic pressure P i (black solid line) and external osmotic pressure P e (dark dashed line) during osmotic shock and adaptation. Upon osmotic stress, turgor pressure drops immediately. This leads to water outflow and a rapid volume decrease. Signaling molecules respond sequentially in response to turgor pressure loss: first the output signal of the phosphorelay system, Ssk1, is activated, and then the MAP kinase Hog1 is phosphorylated and subsequently the concentrations of mRNA, protein, and eventually glycerol rise. When turgor pressure starts normalizing, the signaling pathway is switched off in the same sequence as observed for activation. Panels a,c,e,f: Simulations with parameters optimized on the basis of the experimental data. Panels b and d: Experimental data (see also Supplementary Fig. 1 only) . 
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protein phosphatase activity, such pathway reactivation was not observed (data not shown). The model also correctly simulated experiments where the HOG pathway was activated by genetic manipulation ( Supplementary  Fig. 10 online) .
DISCUSSION
We present a comprehensive mathematical description of the dynamic response of yeast cells to hyperosmotic stress. This model will serve as a tool for future studies on yeast osmoregulation. In addition, it can be used with appropriate modifications as guidance for modeling of Figure 4 Test of model predictions and effects of system perturbations. Using the parameters estimated for the standard experiment (see Figure 3 and Supplementary Tables 1-5 online) the effects on the system caused by different osmotic stress conditions and specific mutations were studied in simulations (left panels) and in experiments (right panels). (a) Time course simulations for selected compounds in a Dgpd1 Dgpd2 double mutant, which is unable to produce glycerol. Compounds include total Hog1P 2 (black solid line), mRNA (gray solid line), protein concentration (black dashed-dotted line) of a generic HOG-dependent gene and glycerol concentration (gray dotted line). The mutation is implemented in the model by setting v 11 ¼ 0. (b) Experimental time courses for the Dgpd1 Dgpd2 double mutant: relative values of total Hog1P 2 (black solid line, circles) and STL1 mRNA (gray solid line, triangles). Because Dgpd1 Dgpd2 mutant cells cannot produce glycerol they are unable to adapt to the loss of turgor pressure following osmotic shock. Therefore, the signaling pathway is activated (rising levels of Hog1P 2 , mRNA, and proteins), but not switched off, although a moderate decrease following the initial peak is observed. This partial downregulation is due to a moderate HOGdependent stimulation of phosphatase levels. (c) Time course simulations for yeast cells unable to close the Fps1 glycerol channel following osmotic shock: Hog1P 2 (black solid line), mRNA (gray solid line), protein concentration (black dashed-dotted line), and glycerol concentration (gray dotted line). The mutation is implemented in the model by keeping k 13 ¼ 0.1 s À1 unaltered during simulations. (d) Experimental time courses for yeast cells unable to close the Fps1 glycerol channel following osmotic shock: relative changes for total Hog1P 2 (black solid line, circles), STL1 mRNA (gray solid line, triangles) and Gpd1 specific activity (black dashed-dotted line, squares). In contrast to the Dgpd1 Dgpd2 double mutant, which cannot produce glycerol, the strain expressing unregulated Fps1 overproduces glycerol ( Supplementary Fig. 6 online) . However, like the Dgpd1 Dgpd2 double mutant, cells with constantly open Fps1 are unable to rapidly accumulate glycerol. The consequence is similar in both cases: the pathway remains activated for a longer period. Simulations and experiments show that the pathway remains competent for a second osmotic stimulation at different stages of adaptation to a first osmotic treatment. If the second shock is applied very soon (15 min) after the first one, the profiles of Hog1 phosphorylation and Hog1-dependent mRNA levels resemble that of a single shock with twice the amount of NaCl. The second shock also leads to additional glycerol accumulation.
osmoregulation in other organisms. Future studies will also help to iteratively improve the presented model. Our study had three aims. First, we wished to generate a mathematical description of yeast osmoregulation that reproduced experimental observations reasonably well. Simulations took into account steady states and time courses after single and repeated osmotic treatments, and the effects of genetic perturbations. Simulations agreed well with experimental data, where we monitored pathway output and physiological effects. Therefore the biological information, the model assumptions, and the parameters used to match experimental data appear to be of sufficient precision for a reliable mathematical description.
The second aim was to extract novel information on the dynamic operation of the processes underlying osmotic adaptation. Three examples of particular interest are illustrated here.
The design of the eukaryotic phosphorelay module Sln1-Ypd1-Ssk1 is different from bacterial two-component systems containing two instead of one phosphotransfer step. One reason may be to pass the signal from cell surface to nucleus with the help of the phosphotransfer protein Ypd1 31, 32 . On the other hand, an additional phosphotransfer step allows the system to attain a sharper, switch-like behavior such that it remains unresponsive until a certain threshold. Above this threshold, the amplitude increases progressively approaching a maximum. At higher stress intensity the period of stimulation is progressively prolonged.
Another feature emerging from our simulations concerns the crucial role of the Fps1 aquaglyceroporin 33 in controlling glycerol accumulation and therefore also controlling signaling through the HOG pathway. The basal glycerol production level combined with rapid closure of Fps1 is sufficient to explain an initial glycerol accumulation after osmotic shock, which in turn accounts for HOG pathway downregulation. This is in agreement with the experiments showing that inability to accumulate glycerol, such as in cells expressing unregulated Fps1, results in strongly prolonged HOG pathway activation. It is generally assumed that stimulated expression of GPD1 and GPP2 and the resulting increased glycerol production capacity accounts for the increase in intracellular glycerol levels. Simulation suggests that this effect is instead important for maintaining a high level of glycerol production in adapted cells. Further studies can now address the relative roles of transport and gene expression on osmolyte accumulation. Interestingly, aquaglyceroporins of the characteristics of Fps1 have been found only in yeasts so far 34 . Given the importance of such osmolyte transporters in modulating the osmotic response and turgor pressure, it seems likely that proteins of similar role should exist in other organisms as well.
Another important conclusion from simulations and experiments concerns feedback regulation of the HOG pathway. It has been suggested that enhanced expression of genes encoding phosphatases accounts for feedback control 2 . Using different variants of the model, we observed normal feedback even without invoking an increased phosphatase activity, which hence does not seem necessary to downregulate the pathway. Importantly, the pathway can be fully reactivated by a second osmotic shock. According to simulations this would not be possible if phosphatase levels increased more than about twofold and if this were the main mechanism for feedback control. This is in accordance with experimental data, which indicate that the transcript levels of phosphatase genes increases by no more than twofold. Moreover, it appears that a transcriptional activation of phosphatases is too slow to explain the observed feedback pattern 35 . Simulations and experimental data argue that downregulation is mediated by glycerol accumulation, cell reswelling and increase in turgor. Interestingly, simulations and parallel monitoring of different events in osmotic adaptation in wild type and mutants with delayed glycerol accumulation ( Supplementary Fig. 6 online) show that pathway downregulation occurs already at about one-third of the maximal glycerol level, that is, before cells are fully adapted. Probably, the commencement of cell reswelling provides the signal that reverses activation of the osmosensors. This concept is supported by recent experimental data 36 obtained using certain mutants in an experimental system of ''conditional osmotic stress,'' showing that cells adapt at different rates depending on the rate of uptake of external osmolytes. Taken together, this suggests that the main role of the phosphatases is to constantly counteract pathway activation to set thresholds and reduce noise instead of providing a pathway-intrinsic feedback loop. However, slightly enhanced phosphatase expression may account for the observed slow pathway downregulation following osmotic shock in mutants unable to produce glycerol.
Our third aim was to generate a model that can be further optimized iteratively together with experimental studies, thereby serving as a tool for hypothesis-driven experimental studies. Predictions based on the simulations presented here have already been tested in experiments. If the model is to be further developed and a more accurate mathematical description of osmoregulation obtained, it is crucial to generate quantitative data for steady states and transient processes. Ongoing modeling attempts aim to include kinetic details of individual processes as well as cellular compartmentation and spatial effects of signaling. Striving for a comprehensive understanding of systems properties of osmoregulation and signaling in general constitutes a significant challenge in quantitative experimental biology as well as computational systems biology.
METHODS
Below we present an explanation of the mathematical modeling. Experimental materials and methods are described in the Supplementary Data online.
Modeling strategy. The dynamics of a biochemical reaction system is described by a set of ordinary differential equations (ODEs)
where m is the number of biochemical species with the concentrations c i and r is the number of reactions with the rates v j , and the quantities n ij denote the stoichiometric coefficients. The equations are given in Supplementary Tables 1-5. All numerical calculations have been carried out using Mathematica Version 4.1, Wolfram Research. The complete system and its modules are shown in Figure 1 . All modules were described with kinetic models using linear, bilinear or Michaelis-Mententype kinetics, resulting in a nonlinear system of ODEs. Their stoichiometry, steady states and dynamic behavior were analyzed separately. Initial parameters were determined to match the experimentally observed behavior of the modules. Kinetic parameters for the metabolism module as well as some parameters for the biophysical description were taken from literature 37, 38 . The remaining parameters were manually selected from analysis of the individual modules (such as steady-state characteristics described above and characteristic times of pathway activation or deactivation). Subsequently, modules were connected for a comprehensive view of the process. Data obtained for the standard osmotic shock experiment (wild-type cells treated with 0.5 M NaCl; Supplementary Fig. 1 and Supplementary Table 6 online) were used to fine tune the parameters. The ODE system was simulated to obtain time curves for all components included in the model. The general qualitative behavior of the model was robust to small and even intermediate changes of parameters, providing confidence that plausible parameter values were obtained (see Supplementary Data for a more detailed discussion of parameter dependence). Spatial effects were not considered at this stage and we assumed that signaling 
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compounds diffuse sufficiently quickly to acquire a uniform distribution. We further assumed that the system is in steady state before osmotic shock.
Individual modules. The phosphorelay system (for equations and parameters see Supplementary 
The precise dependence of Sln1 autophosphorylation on turgor pressure is not known from experiments. Equation (1) was chosen since it ensured that (i) activation of the phosphorelay module only depends on the value of the turgor pressure at any given time, (ii) k TCS 1 increases steadily with P t . Termination of the signaling process requires an increase of P t (t) as a consequence of cellular adaptation. For the connected model, where changes in turgor pressure eventually depend on the glycerol concentration, equation (1) ) and thereby activates it. All phosphorylated compounds are dephosphorylated by protein phosphatases (v MAP Ài ; i ¼ 1; :::; 5). Hog1P 2 can be dephosphorylated in the cytosol or, alternatively, can enter the nucleus (v trans ), but is not considered to leave it. Hog1P 2 can be dephosphorylated in the nucleus (v dephos ) and unphosphorylated Hog1 leaves the nucleus (v trans1,2 ). Hog1P 2nuc is the output signal of this module and we considered it as a transcription factor. Table 3 online). To simplify the complexity of transcription and translation, we assumed equal concentrations and rates of change for all HOG-dependent mRNAs and proteins except of those for the activated phosphatases. The rate of mRNA formation (v ts ) is dependent on the basal activity of the corresponding gene and modulated by the concentration of Hog1P 2nuc . mRNA is exported from the nucleus to the cytoplasm (v ex ), where it serves as template for protein synthesis and eventually will be degraded (v rd ). The dynamics of the enzyme concentrations is determined by translation (v tl ) and proteolysis (v pd ). Table 4 online). For the pathway from glucose to glycerol, expression of genes encoding the following enzymes is induced upon hyperosmotic shock: Glk1 and Hxk1 (glucokinase and hexokinase isoform I), as well as Gpd1, Gpp1 and Gpp2. Comprehensive models of yeast carbohydrate metabolism have been reported previously 37, [39] [40] [41] . For the purpose of this study we combined several metabolic reactions taking into account gene expression changes: glucose uptake (v 1 ), sugar phosphorylation (v 2 ), phosphoglucoisomerase and phosphofructokinase (v 3 ), aldolase (v 4 ), triosephosphate isomerase (v 5 ), the lower part of glycolysis from glyceraldehyde-3-phosphate to pyruvate (v 6 ), the TCA cycle (v 7 ), formation of ethanol from pyruvate (v 8 ), two branches towards biosynthesis of biomass (v 9 , v 10 ) and NADH consumption and ATP formation in the respiratory chain (v 14 ). Formation of glycerol and glycerol export are described by reactions (v 11 -v 13 ). We considered cellular consumption processes for NAD + (v 15 ) and ATP (v 16 ). The kinetics were chosen to allow for stable steady-state concentrations and fluxes as previously determined 37, 41 .
Transcription and translation (Supplementary

Glycerol production and carbohydrate metabolism (Supplementary
The osmo-regulated aquaglyceroporin Fps1 contributes to the control of intracellular glycerol level 33, 42 . We assume that the channel is open when the turgor pressure assumes its original value and that transport is downregulated with fading P t , reaching zero when turgor pressure is completely lost.
Equation (2) has been chosen in analogy with equation (1) . Table 5 online). Under normal osmotic conditions the cell is characterized by its volume V and by the internal and external osmotic pressure, P i and P e , respectively. Since cells are filled with matter, a significant fraction of the volume given by V b ¼ bÁV is not affected by osmotic changes. Starting from normal physiological conditions with given values of V, P i , P e and turgor pressure P t , exposure to hyperosmotic stress (increase in P e ) results in water outflow. In turn, this results in decreasing turgor pressure and volume. An increase of the intracellular osmolarity by glycerol accumulation drives water back into the cell to regain volume and turgor. The mathematical description of the dynamics of volume and pressure is based on a detailed thermodynamic analysis of yeast cell osmoregulation 38, 43, 44 . According to the Boyle-Van't-Hoff relation the internal osmotic pressure is given by:
Biophysical changes (Supplementary
(R, gas constant; T, temperature; n, apparent number of osmotically active moles per cell; V os ¼ V À V b ). P i , V and n are functions of time. Turgor pressure P t is the hydrostatic pressure difference, which balances the osmotic pressure difference between cell interior and exterior. The cell actively maintains turgor pressure during osmoregulation. In the initial steady state (denoted by '0') we have
The temporal evolution of P i is calculated as the time derivative of equation (3):
The changes of V os (t) and P i (t) depend on the flow of water through the membrane. If only water is exchanged, the volume flow of water, J w (t), is proportional to the change of volume:
According to the principles of irreversible thermodynamics 38, 45 water flow can be related to the osmotic pressure difference as
where L p is the hydraulic membrane permeability and G ¼ (4p) 1/3 (3V) 2/3 is a geometrical factor relating the volume of a sphere (the cells) to its surface. The dependence of the turgor pressure on the actual volume was described by an empirical equation, DP t ¼ eDV V Pt ¼0 (refs. 46,47) for isolated cells. The constant e is the volumetric elastic modulus. As an approximation we applied this formula to the yeast cell, although we note that there are examples where e is a function of volume or turgor pressure. Considering that turgor pressure collapses when the volume drops to V Pt ¼0 , the temporal evolution of P t reads
for V os t ð Þ4V Pt ¼0 , otherwise P t (t) ¼ 0. The passive response presents an initial decrease in both volume and turgor pressure potentially followed by additional volume decrease. Equation (8) implies a linear dependence of turgor pressure and cell volume. If the increase of P e (t) is sufficiently strong that it leads to a complete loss in P t (t), further efflux of water can be compensated only by volume decrease (smaller than V Pt ¼0 ).
To account for the change of concentrations due to volume changes we considered the concentration c of any substance as the number of moles n per volume V (c ¼ n/V). In the calculation of osmotic pressure, change of c is caused by the change of glycerol levels, since the cellular response is mainly due to a rise of the intracellular glycerol concentration 48 .
Connection of modules. The output signal of the phosphorelay system, Ssk1, was assigned as input signal for the MAP kinase module. Its output, Hog1P 2nuc , served as input for the activation of gene expression. The production of mRNA and proteins (enzymes) led to a response of carbohydrate metabolism. Fps1 closed to allow for glycerol accumulation. The metabolic response of the cell was coupled to the osmotic response (volume and pressure changes) by considering glycerol as the osmotically active compound entering equation (5) . All concentrations were linked via their relative changes to the variation of the cell volume, V os , which depends on osmotic alterations.
Note: Supplementary information is available on the Nature Biotechnology website. 
